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1
HIGH-STRENGTH STEEL SHEET AND THE
METHOD FOR PRODUCTION THEREFOR

TECHNICAL FIELD

The present invention relates to high-strength steel sheets
having high strength and high press formability, such that
yield point is not less than 1000 MPa and total elongation is
not less than 20%, and relates to a production method there-
for.

BACKGROUND ART

Recently, safety in collisions has become an important
issue regarding automobiles, and technology has been devel-
oped for the body of the automobile so as to ensure that a
space for occupants will remain to ensure the survival and
protection of the occupants in the impacts in automobile
collisions. In actual collisions of automobiles, collisions may
occur from the front, the sides, the rear, etc. Specifically, the
collisions from the sides are important from the standpoint of
the protection of the occupants. This is because a structural
part of an automobile body, in this case, a center pillar is close
to the car occupants.

Accordingly, a steel sheet in which strength, specifically,
yield point thereof, is increased is used for structural parts of
an automobile body, such as a center pillar, which may be
important when a side collision occurs. The yield point of a
material is an important characteristics of parts that may
deform in side collisions because the parts should be pre-
vented from deforming as much as possible when a collision
occurs.

In general, when a steel sheet is strengthened, ductility
thereof is decreased, and press formability is thereby
decreased. Accordingly, the cross sectional shape of a part
should be simple, and a steel sheet having relatively low
strength should be used instead of the above steel sheet having
very low press formability.

Currently, various steel sheets prescribed in JFSA2001
“Cold rolled steel sheets and strip for automobile use”, stan-
dardized by The Japan Iron and Steel Federation, are widely
used for automobile bodies. Specifically, steel sheets having a
grade of tensile strength of 590 MPa or 780 MPa are widely
used for parts, such as a center pillar, which may receive the
impact in side collisions. Therefore, if a steel sheet having
higher strength can be used, the deformation of the automo-
bile body that may occur in a collision is reduced. In addition,
the steel sheet can be reduced in weight by decreasing sheet
thickness thereof. However, this method is not easily per-
formed. A steel sheet having a grade of tensile strength of 780
MPa as described above, that is, a steel sheet having a sheet
thickness of 1 mm and prescribed by JSC780Y in JFSA2001,
the total elongation is 14 to 27%, and the average value of the
total elongation is approximately 21%. Therefore, if a steel
sheet does not have an elongation of approximately 20% or
more, the steel sheet cannot be substituted for a part that is
made of a material prescribed by JSC780Y in the present
circumstances.

A steel prescribed by JSC1180Y is a type of a steel having
the highest strength of steel prescribed by JFSA2001. In a
case of the steel prescribed by JSC1180Y and having a sheet
thickness of 1 mm, the yield point is 825 to 1215 MPa but the
total elongation is only 6 to 17%. In practice, the inventors
performed tensile tests by using a test specimen oftype of No.
5 that was prescribed by JIS Z 2201 and was made of a steel
with grade of JSC1180Y, and the total elongation was
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2

approximately 8%. The steel having total elongation of such
a degree cannot be used as a substitute steel sheet for a steel
with grade of JSC780Y.

In the present techniques for steel sheet for automobiles, a
steel having both high strength and high ductility is not easily
produced because metal structure is strengthened by quench-
ing so as to improve the strength of a steel. Since it is difficult
to improve the yield point to be not less than 1000 MPa when
a steel has a ferrite, a steel sheet may be quenched so as to
have a structure mainly consisting of martensite. In this case,
elongation of the steel sheet is deteriorated because the mar-
tensite has high strength but has low ductility.

A steel sheet having both high strength and high formabil-
ity has been required, but such a steel may not be formed as
long as a steel is mainly consisting of ferrite as described
above. A typical austenite stainless steel consisting of auste-
nite has relatively high strength and has a superior elongation
compared to asteel consisting of ferrite. In this case, austenite
stainless steel requires a large quantity of Ni and Cr, and alloy
cost is thereby increased. Recently, a technique for providing
both high strength and high ductility to a steel has been the
subject of research. In this technique, in order to reduce the
alloy cost, a steel having austenite is formed by reducing Ni
and adding a large amount of Mn instead.

For example, Japanese Unexamined Patent Application
Publication (Translation of PCT Application) No. 2002-
507251 (W0O99/001585) discloses a steel sheet having char-
acteristics of TWIP (twining-induced plasticity) and TRIP
(transformation-induced plasticity). This steel sheet is made
of austenite steel including approximately 25% of Mn by
weight and not more than 12% of the total of Si and Al by
weight. This steel sheet has a yield point of not less than 400
MPa, a tensile strength of 1100 MPa, a uniform elongation of
70%, and a maximum elongation of 90%. Japanese Unexam-
ined Patent Application Publication (Translation of PCT
Application) No. 2005-504175 (W0O03/029504) discloses a
duplex steel or a triplex steel including 0.5 to 2% of C by
weight, 18 to 35% of Mn by weight, and more than 12% ofthe
total of Al and Si. Japanese Unexamined Patent Application
Publication (Translation of PCT Application) No. 2006-
509912 discloses a production method for a steel, in which a
steel including 7 to 30% of Mn and 3.5 to 12% of the total of
Al and Si is used, and yield strength of the steel is improved
by forming at 2 to 25% at room temperature.

Every raw material of a steel sheet described in the above
conventional techniques has austenite that is produced by
adding a large amount of Mn thereto, and ductility is thereby
improved. However, the above techniques have the following
problems.

The steel sheet disclosed in the Japanese Unexamined
Patent Application Publication (Translation of PCT Applica-
tion) No. 2002-507251 (W0O99/001585) has high elongation
and has a yield point of not less than 400 MPa. Although parts
for receiving an impact of side collisions, such as a center
pillar as described above, require a high yield point, the yield
point of this steel sheet is insufficient. This steel sheet has a
tensile strength of 1100 MPa, but this degree of tensile
strength is insufficient because a much higher tensile strength
is required so as to ensure a space for occupants in an auto-
mobile body.

In the Japanese Unexamined Patent Application Publica-
tion (Translation of PCT Application) No. 2005-504175
(W003/029504), a steel does not have a metal structure of a
single phase of austenite, but has a mixed structure of ferrite
and austenite, or a mixed structure of ferrite, austenite, and
martensite. This steel sheet has a characteristic in which flow
stress is more than 400 MPa, and a cold strip of the steel has
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strength of 900 MPa and maximum elongation of 70%. The
strength of this steel sheet is insufficient for the required
strength, which is the same as the case of the Japanese Unex-
amined Patent Application Publication (Translation of PCT
Application) No. 2002-507251 (W099/001585).

The technique disclosed in the Japanese Unexamined
Patent Application Publication (Translation of PCT Applica-
tion) No. 2006-509912 is a production method for improving
yield strength and tensile strength by forming an austenite
steel sheet including a large amount of Mn at room tempera-
ture. As a practical example, Table 1 in the Japanese Unex-
amined Patent Application Publication (Translation of PCT
Application) No. 2006-509912 shows material characteris-
tics of a steel that includes 25.9% of Mn and was cold rolled
at different rolling reductions. When the rolling reduction was
50%, flow stress at 0.2% was increased to 1051 MPa, but
elongation was substantially decreased to approximately 5%,
and this steel is therefore inappropriate for press forming. In
the Japanese Unexamined Patent Application Publication
(Translation of PCT Application) No. 2006-509912, the roll-
ing reduction should be decreased so as to ensure the elonga-
tion of not less than 20%, and the flow stress at 0.2% is
thereby less than 1000 MPa.

DISCLOSURE OF THE INVENTION

As described above, a steel sheet having a yield point ofnot
less than 1000 MPa and total elongation of not less than 20%
may not be obtained in spite of an austenite steel sheet. The
present invention has been completed in view of the above
circumstances, and an object of the present invention is to
provide a high-strength steel sheet and a production method
therefor. By appropriately adjusting components and produc-
tion conditions, the high-strength steel sheet is provided with
elongation sufficient for facilitating press forming and is pro-
vided with high yield point and high tensile strength for
ensuring a collision performance.

The inventors have performed research on high-strength
steel sheets in which elongation is ensured and yield point is
improved. As a result, although the metal structure is auste-
nite, the occurrence of stress-induced martensitic transforma-
tion is controlled by appropriately adjusting a range of alloy
compositions that are defined by Ni equivalent and Cr equiva-
lent. That is, by performing a rolling at a rolling reduction of
a predetermined range in a temperature range in which the
strain-induced martensitic transformation does not occur, the
austenite is maintained while the yield point is improved.
Accordingly, when press forming is performed at room tem-
perature, the strain-induced martensitic transformation is
extreme, and a steel is thereby strongly hardened by cold
working. When the strain-induced martensitic transformation
occurs during press forming, high work hardening is applied
by TRIP (transformation-induced plasticity). In a high-
strength steel sheet of the present invention, the yield strength
is improved by prior working such as a cold rolling, and the
tensile strength is on a very high level by severe work hard-
ening in press forming, which is different from the technique
disclosed in the Japanese Unexamined Patent Application
Publication (Translation of PCT Application) No. 2006-
509912. Therefore, localized plastic necking does not easily
occur, and both high strength and high press formability are
thereby provided to a steel. A steel will exhibit both high
strength and high ductility in a tensile test due to the same
phenomenon. According to the above research conducted by
the inventors, it was found that a high-strength steel sheet
having a high yield point, high tensile strength, and high
ductility can be obtained.
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A high-strength steel sheet of the present invention was
completed based on the above findings. The present invention
provides a high-strength steel sheet comprising, by weight,
not less than 0.25% and not more than 0.5% of C, not less than
4% and not more than 14% of Mn, not less than 6.5% and not
more than 9.5% of Cr, and not less than 0.3% and not more
than 3% of Si. The high strength steel of the present invention
satisfies the following formulas 1 and 2 and consists of aus-
tenite, and yield strength is not less than 1000 MPa and total
elongation is not less than 20%.

12=2.08i+5.5A1+Cr+1.5Mo=25 (D

13=30C+0.5Mn+0.3Cu+Ni+25N=17 2)

(Each element symbol in the above formulas indicates the
content (weight %) of the element)

The above high-strength steel sheet preferably comprises
not less than 0.005% and not more than 0.05% of N and not
less than 0.05% and not more than 4% of Al. Moreover, the
above high-strength steel sheet preferably comprises not less
than 0.1% and not more than 4% of Ni and not less than 0.05%
and not more than 3% of Mo. In addition, the high-strength
steel sheet preferably comprises not less than 0.1% and not
more than 2% of Cu.

The inventors have performed intensive research on pro-
duction conditions so as to provide high yield point, high
tensile strength, and high elongation to a steel comprising the
above alloy compositions. As aresult, the inventors found that
yield point can be further improved without decreasing elon-
gation greatly by hot rolling a steel sheet, heating the hot
rolled steel sheet to a warm temperature, and rolling the steel
sheet at a predetermined range of rolling reduction.

That is, in a preferable high-strength steel sheet of the
present invention, the total content rate of martensite in a
metal structure is not more than 10%, and an aspect ratio of
crystal grain sizes measured in a cross section that is parallel
to the rolling direction is not less than 2. Moreover, in a
preferable example of the high-strength steel sheet, the steel
sheet has an increasing rate of the total content rate of mar-
tensite with respect to tensile strain of 1% when the steel is
deformed in tension, and the increasing rate is not less than
0.6%.

The present invention provides a method for producing the
above high-strength steel sheet, in which a slab consisting of
apredetermined composition is hotrolled and then is rolled so
that total rolling reduction R (%) and rolling temperature
T (° C.) satisfy the following formulas (3) and (4).

20%=R<70% 3)

60° C.<T=500° C. )

Effect of the Invention

According to the present invention, a steel sheet having a
superior balance of strength and ductility, which cannot be
provided in a conventional austenite steel sheet including a
large amount of Mn, can be obtained. The steel sheet is
provided with a yield point of not less than 1000 MPa, tensile
strength of not less than 1200 MPa, and total elongation of not
less than 20%.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a Schaeffler diagram showing a relationship of Cr
equivalent, Ni equivalent, and metal structure.

FIG. 2 is a graph showing a relationship of rolling reduc-
tion and total elongation that was measured in a tensile test.
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FIG. 3 is a graph showing a relationship of rolling reduc-
tion and yield point that was measured in a tensile test.

FIG. 4 is a graph showing a relationship of yield point and
total elongation.

FIG. 5 is an optical micrograph of a longitudinal cross
section, which was parallel to the rolling direction, of a steel
sheet of the practical example of the present invention.

BEST MODE FOR CARRYING OUT THE
INVENTION

Alloy compositions of the present invention will be
described. The metal structure of a high-strength steel sheet
of the present invention substantially consists of a single
phase of austenite, and the austenite is easily transformed into
martensite by deformation of a material. Therefore, high
work hardening is applied, and tensile strength is thereby
high. If the austenite is unstable, the austenite is easily trans-
formed into a martensite or a mixed structure of martensite
and austenite during a production process, whereby the aus-
tenite that is required cannot be obtained. On the other hand,
if the austenite is very stable, high work hardening is not
applied by TRIP (transformation-induced plasticity) in press
forming, whereby high strength cannot be provided to a steel.
Therefore, stability of austenite should be adjusted to be in an
appropriate range, and alloy compositions should be adjusted
to be in an appropriate range so as to obtain the austenite that
is required.

In the present invention, austenite with an appropriate sta-
bility can be obtained by adjusting the Cr equivalent and the
Ni equivalent, which are described by the following, to be in
an appropriate range.

Cr equivalent: 2.0Si+5.5A1+Cr+1.5Mo
Ni equivalent: 30C+0.5Mn+0.3Cu+Ni+25N

Specifically, a steel sheet comprising austenite in which
stability is adjusted to be in an appropriate range can be
obtained by adjusting alloy compositions to satisfy the fol-
lowing formulas (1) and (2).

12=2.08i+5.5A1+Cr+1.5Mo=25 (D

13=30C+0.5Mn+0.3Cu+Ni+25N=17 2)

(Each element symbol in the above formulas indicates the
content (weight %) of the element)

FIG. 1 is a Schaeffler diagram that is a phase diagram
showing a relationship of Cr equivalent, Ni equivalent, and
metal structures. The present invention is shown in the rect-
angle area of the figure. According to FIG. 1, a metal structure
of the present invention is defined by an area that covers a
single phase region of austenite and a region of austenite and
martensite. As shown in FIG. 1, when the value of the formula
(1) is less than 12, elongation is decreased because martensite
that has low deformability is increased. When the value of the
formula (1) is more than 25, austenite that is required can be
obtained, but high work hardening may not be applied
because the austenite is very stable, and high strength steel
cannot be obtained. Similarly, when the value of the formula
(2) is less than 13, elongation is decreased because the ratio of
the martensite is increased. When the value of the formula (2)
is more than 17, high work hardening may not be applied
because the austenite is very stable, whereby high strength
steel cannot be obtained.

Moreover, the alloy composition is adjusted to be in the
rectangular area in order to adjust stacking-fault energy. In the
high-strength steel sheet of the present invention, by facili-
tating occurrence of the strain-induced martensitic transfor-
mation of austenite during deforming at room temperature,
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6

high work hardening is applied. Therefore, the present inven-
tion provides a steel having both a high yield point and a high
elongation. For example, the steel sheet disclosed in the Japa-
nese Unexamined Patent Application Publication (Transla-
tion of PCT Application) No. 2002-507251 (W099/001585)
has characteristics of TWIP (twinning-induced plasticity)
and TRIP (transformation-induced plasticity). In this case, if
TWIP (twinning-induced plasticity) occurs, high work hard-
ening cannot be applied whereas ductility is high. The reason
for this is that a twin crystal is one of stacking-faults of a
face-centered cubic lattice (fcc) and does not affect the work
hardening property because introduced dislocations do not
interact, in contrast to an ordinary slip deformation.

Inthe high-strength steel sheet of the present invention, the
balance of Cr equivalent and Ni equivalent is defined,
whereby the effect of TWIP (twinning-induced plasticity) is
reduced as much as possible, and the effect of TRIP (trans-
formation-induced plasticity) is increased while austenite is
formed. Therefore, high work hardening is applied, whereby
material strength is increased, and elongation can be suffi-
ciently ensured.

Stacking-fault energy is an important factor that affects the
above deformation property of a steel. As shown on page 535
in Metal Handbook compiled by the Japan Institute of Metals,
e-martensite is more easily produced as the stacking-fault
energy of austenite is small. e-martensite has a structure of
hexagonal close packed lattice (hep) and is one of stacking-
faults of a face-centered cubic lattice, which is the same as the
case of the twin crystal, whereby high work hardening may
not be applied to a steel. That is, since the stacking-fault
energy is low, the energy may not be greatly required for
producing stacking-faults. According to the low energy,
e-martensite and twin crystals are easily produced. In the steel
sheet having characteristics of TWIP (twinning-induced plas-
ticity) and TRIP (transformation-induced plasticity), which is
disclosed in the Japanese Unexamined Patent Application
Publication (Translation of PCT Application) No. 2002-
507251 (WO99/001585), the stacking-fault energy is
approximately 24 mJ/m> or slightly less.

In contrast, in the high-strength steel sheet of the present
invention, the content of Mn, which may further decrease the
stacking-fault energy, is less than that in the steel sheet dis-
closed in the Japanese Unexamined Patent Application Pub-
lication (Translation of PCT Application) No. 2002-507251
(W099/001585), whereby the stacking-fault energy is higher
than approximately 35 mJ/m®. Therefore, a twinning defor-
mation and a transformation into e-martensite are reduced,
and a transformation into o'-martensite is extremely
increased. o'-martensite has the same structure as the hard-
ened structure of a ferrite steel and has a body-centered tet-
ragonal lattice (bet) that is entirely different from the crystal
structure of austenite. o'-martensite has characteristics in
which volume may be expanded according to the transforma-
tion, and hardness is very high.

In addition to the above formulas (1) and (2), there are a
preferable upper limit and a lower limit for each alloy ele-
ment. The reason for the limit will be described in detail
hereinafter. It should be noted that “%” indicates “% by
weight” in the following description.

C:0.2100.5%

C is an austenite-forming element and is inexpensive,
whereby C may be added as necessary. When the added
amount of C is less than 0.25%, the stability of austenite is
insufficient. On the other hand, when the added amount of C
is more than 0.5%, austenite is stabilized, but deformation-
induced martensitic transformation is not sufficiently per-
formed, whereby sufficient work hardening cannot be
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applied. Therefore, it is preferable that the added amount of C
be not less than 0.25% and not more than 0.5%.
Cr: 6.5t09.5%

Cr is required for adjusting the above Cr equivalent and
forming an appropriate metal structure. When the added
amount of Cr is less than 6.5%, metastable austenite is not
produced. On the other hand, when the added amount of Cr is
more than 9.5%, ferrite is stabilized. Therefore, it is prefer-
able that the added amount of Cr be not less than 6.5% and not
more than 9.5%.

N: 0.005 to 0.05%

N is an element that may form a metastable austenite,
which has the same effect as that of C, and is added as
necessary. When the added amount of N is less than 0.005%,
the above effect is insufficient. On the other hand, when the
added amount of N is more than 0.05%, nitrides are precipi-
tated, depending upon the alloy composition whereby the
above effect cannot be further obtained, and ductility of a
steel is decreased. Therefore, the added amount of N is pref-
erably set to be not less than 0.005% and not more than
0.05%.

Mn: 4 to 14%

Mn is an austenite-stabilizing element and is thereby added
s0 as to produce necessary amounts of metastable austenite.
When the added amount of Mn is less than 4%, the above
effectis insufficient because the added amount of Mn does not
much differ from that of an ordinary steel. On the other hand,
when the added amount of Mn is more than 14%, austenite is
stabilized, whereby the effect of strain-induced transforma-
tion (TRIP) cannot be obtained. Therefore, the added amount
of Mn is preferably set to be not less than 4% and not more
than 14%.

Ni: 0.1 to 4%

Ni is an element for producing metastable austenite, which
has the same effect as that of Mn, but is not added because the
cost is high. Since Ni improves ductility of a steel more than
Mn does, Ni may be added instead of Mn when high ductility
is required for a steel. When the added amount of Ni is less
than 0.1%, the above effect is insufficient. On the other hand,
when the added amount of Ni is more than 4%, the added
amount of Ni does not much differ from that of austenite
stainless steel, and the cost of steel is extremely increased.
Therefore, the added amount of Ni is preferably set to be not
less than 0.1% and not more than 4%.

Si: 0.3 t0 3%

The above Cr equivalent can be adjusted by adding appro-
priate amount of Si, and Si has an effect of solid solution
hardening Since a steel is strengthened when Si coexists with
Mo and is transformed into precipitations (Mo;Si or MoSi,),
Siis added to a steel according to the strength that is required.
When the added amount of Si is less than 0.3%, which is the
same level as that of an ordinary steel, the above effects are
insufficient. On the other hand, when the added amount of Si
is more than 3%, weldability is decreased. Therefore, the
added amount of Si is preferably set to be not less than 0.3%
and not more than 3%.

Al: 0.05 to 4%

Al is an element for forming metastable austenite and may
be added instead of Cr. When the added amount of Al is less
than 0.05%, which is the same level as that of an ordinary
killed steel, the above effect is insufficient. On the other hand,
when the added amount of Al is more than 4%, austenite may
be unstabilized, and ferrite is formed. Therefore, the added
amount of Al is preferably set to be not less than 0.05% and
not more than 4%.

Mo: 0.05 to 3%
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Mo may be combined with Si that is included in a steel and
be transformed into precipitations such as Mo,Si and MoSi,,
thereby improving the strength of a steel. Therefore, Mo is
added to a steel as necessary. When the added amount of Mo
is less than 0.05%, which is the same level as that of an
ordinary steel, the above effect is insufficient. On the other
hand, when the added amount of Mo is more than 3%, the
production cost of steel is greatly increased. Therefore, the
added amount of Mo is preferably set to be not less than
0.05% and not more than 0.3%.

Cu: 0.1 to 2%

Cu is an austenite-stabilizing element and may be added as
necessary so as to adjust the Ni equivalent. When the added
amount of Cu is less than 0.1%, which is the same level as that
of an ordinary steel, the above effect is insufficient. On the
other hand, when the added amount of Cu is more than 2%,
austenite is strongly stabilized, and the production cost of the
steel is greatly increased. Therefore, the added amount of Cu
is preferably set to be not less than 0.1% and not more than
2%.

Next, the metal structure of a high-strength steel sheet of
the present invention will be described. By adjusting the alloy
compositions as described above, substantial austenite can be
formed in a high-strength steel sheet, and high elongation is
provided to the high-strength steel sheet because strain-in-
duced martensitic transformation occurs in deforming

Moreover, a high yield point can be provided to the high-
strength steel sheet by rolling the raw material and adding
work strain. In general, in order to efficiently improve yield
point of a steel, a raw material may be worked by a method
such as a rolling. In this case, when a steel sheet, such as a
high-strength steel sheet of the present invention, in which
strain-induced martensitic transformation of austenite easily
occurs, is worked at room temperature, the ductility is greatly
reduced. For example, as described in the Japanese Unexam-
ined Patent Application Publication (Translation of PCT
Application) No. 2006-509912, if a cold working is per-
formed so as to improve the yield point of austenite steel
including a large amount of Mn, the ductility is suddenly
reduced when the working rate exceeds 30%. Therefore, there
is a limit to the working rate, and a yield point cannot be
obtained at a high degree.

This is because austenite is easily transformed into mar-
tensite when strain is applied by cold rolling. Therefore, a
sufficient amount of austenite does not remain in the steel
sheet after cold rolling, whereby high work hardening due to
TRIP (transformation-induced plasticity) cannot be applied.

Accordingly, in the present invention, rolling is performed
in a temperature range in which martensitic transformation
and recrystallization do not occur, in order to apply strainto a
raw material. As a result, the yield point of the raw material
can be improved by applying strain, whereas most of the
austenite remains in the structure.

The above rolling can be controlled by an aspect ratio of
crystal grain sizes and content of martensite. That is, in a
high-strength steel sheet of the present invention, the aspect
ratio of crystal grain sizes in a metal structure is set to be not
less than 2, and the content of martensite is set to be not more
than 10%.

A method for measuring an aspect ratio will now be
described in detail. A steel sheet is cut and is buried in a resin
s0 as to observe a cross section parallel to the rolling direc-
tion, and the metal structure of the steel sheet is exposed by an
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etching fluid such as nitric ethanol, picric acid, and Marble’s
reagent. Then, the metal structure is observed by an optical
microscope or SEM, and a photograph of the structure is
obtained at approximately a magnification of 200 to 2000. In
the photograph, crystal grains are cut by a line that is drawn at
an optional position perpendicular to the rolling direction,
and a mean value dT of the lengths of sections of the crystal
grains is obtained. Similarly, crystal grains are cut by a line
that is drawn at an optional position parallel to the rolling

10

work hardening is thereby applied. On the other hand, in a
case in which a product is made of a steel sheet as hot rolled,
and a case in which a product is made of a steel that is cold
rolled and is annealed after hot rolling, the yield point of a
steel is low and is insufficient for the requirements. Therefore,
in the present invention, strain is added to a steel by rolling so
as to provide a high yield point thereto. In this case, as
described above, a high-strength steel sheet of the present
invention is rolled in a temperature range in which strain-

10 . - .
direction, and a mean value dL. of the lengths of sections of the induced me}rtensﬁlc transfprmatlon does not occur, and the
. . .. steel sheet is then formed into a product.

crystal grains is obtained. Then, an aspect ratio is defined by . . . . .

. . . The inventors have researched in detail regarding a condi-

dL/dT. High aspect ratio indicates that structure transforma- . . . . o .

. L. X . . tion of a warm rolling in which yield point is effectively
tion due to reery stallization did not oceurinr olling, apd that 15 increased without strain-induced martensitic transformation
the crystal grains were elongated, that is, work strain was occurring. As a result, the inventors found that rolling reduc-
applied by rolling. tion is preferably set to a range of 20 to 70%, and rolling

After the above rolling, most of austenite should remain temperature is preferably set to a range of 60 to 500° C. in a
without transforming, or a high work hardening effect of the warm rolling. When the rolling reduction is low, yield point is
present invention cannot be obtained. Specifically, high work 5o Dotsufficiently increased. On the other hand, when the rolling
hardening can be applied when a steel sheet is deformed in a reduction is very high, martensitic transformation does not
condition in which the content of martensite is not more than occur, but elongation is extremely deteriorated because the

12% after rolling. degree of deformation of austenite approaches the limit

Furthermore, in order to control the work hardening in  thereof. When the rolling temperature is very low, strain-
deforming of a high-strength steel sheet, which is an impor- 5 induced martensitic transformation easily occurs, whereby
tant factor for a high-strength steel sheet of the present inven- ductility of a product may be deteriorated, whereas yield
tion, an increasing rate of content of martensite in a high- point is increased. When the ro]]ing temperature is very high,
strength steel sheet may be controlled. Speciﬁcally, when a strain is great]y recovered in warm ro]]ing, Whereby the yie]d
high-strength steel sheet is deformed by tensile strength, the point may not be easily increased.

increasing rate of content of martensite with respect to strain 30
of 1% is set to be not less than 0.6%. Examples

The content of martensite may be measured by using a
method, for example, in which a magnetic permeability of a Specific examples of the present invention will be
steel sheet is measured and the content of martensite is esti- described. Each steel consisting of alloy compositions shown
mated. This method is generally known, and in the preferred 35 in Table 1 was ingoted by vacuum melting and was hot rolled.
example of the present invention, the amount of martensite Then, rolling was performed on the steel under conditions
was measured by using a ferrite scope (TM) manufactured by shown in Table 2, and steel sheets of practical examples 1 to

Helmut Fischer Gmbh+Co. in Germany. In this method, the 11 and comparative examples 1 to 10 were produced. A
total amount of the contents of martensite and ferrite is specimen for tensile test having a shape of No. 5 prescribed in
obtained, to be exact. However, the measurement result can 2 JIS 72201 (Japanese Industrial Standard 7Z2201) was formed
be regarded as the amount of content of martensite because from the steel sheet produced so that rolling direction paral-
the steel sheet of the present invention consists of austenite leled the tensile direction. Tensile testing was performed by
and martensite that is produced by transformation of austen- using an Instron-type tensile testing machine. In this case, the
ite. alloy compositions of invention slabs 1 to 4 in Table 1 satis-

Conditions for producing a steel sheet of the present inven- 45 fied the formulas (1) and (2), and the alloy compositions of
tion will be described in detail. In the present invention, by each comparative slab 1 to 6 in Table 1 did not satisfy one of
adjusting the alloy compositions as described above, Cr the formulas (1) and (2) or both of them. In Table 2, specimens
equivalent, Ni equivalent, and stacking-fault energy are of the practical examples 1 to 11 satisfied all of the formulas

adjusted to be in appropriate ranges. Therefore, strain-in- (1) to (4), and each specimen of the comparative examples 1
duced a'-martensitic transformation easily occurs, and high to 10 did not satisfy some of the formulas (1) to (4).

TABLE 1
Compositions Cr equivalent Ni equivalent
Si  Mn Mo Min. Max. Re- Min. Max. Re-
C% % % P% S% Al% Ti% Cu% Ni% Cr% % N% 12 25 sults 13 17 sults

Invention slab 1 030 19 68 0010 0.005 0.005 001 001 20 65 15 0.005 12.6 OK 14.5 OK

Invention slab 2 026 2.7 84 0008 0.004 0002 001 001 41 88 30 0.008 187 OK 16.3 OK

Invention slab 3 025 25 80 0012 0.006 0010 001 15 20 65 20 0.007 14.6 OK 14.1 OK

Invention slab 4 030 3.0 100 0009 0.004 2.1 001 001 001 65 001 001 24.1 OK 14.3 OK

Comparativeslab1  0.30 2.5 10.0 0.010 0.006 0.012 0.01 001 001 50 001 001 10.1 NG 14.3 OK

Comparative slab2 ~ 0.50 2.5 12.0 0012 0004 20 07 001 001 65 001 0.009 22.5 OK 21.2 NG

Comparative slab3 ~ 0.50 2.5 14.0 0011 0.004 0.004 04 001 001 65 001 0012 115 NG 223 NG

Comparative slab4 017 14 2.0 0012 0001 0.02 001 001 001 002 001 0.003 2.8 NG 6.2 NG

Comparative slab5 ~ 0.14 05 1.8 0008 0.001 0.03 005 001 001 002 001 0.003 1.2 NG 5.2 NG

Comparativeslab6 ~ 0.30 3.0 250 — — 30 — — — 002 — — 22.5 OK 21.5 NG

Comparativeslab7 001 3.0 30.2 0.002 0008 3.4 001 001 001 001 001 0.0012 24.5 OK 15.5 OK
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TABLE 2
‘Warm rolling condition:
Start
temper- End
Original Final ature temper- Material characteristics
sheet sheet Rolling of ature Yield Tensile Uniform Total

Compositions thick- thick- reduction rolling ofrolling Metal point strength elongation elongation

Symbols ness ness R % °C. °C. structure MPa  MPa % %

Standard 20~40 start finish
Practical example 1 Invention slab 1 2.5 1.6 36 475 200 A 1080 1320 70 75
Practical example 2 Invention slab 2 1.8 1.15 36 440 243 A 1166 1302 24 39
Practical example 3 Invention slab 2 1.8 1.43 21 450 240 A 1087 1323 37 45
Practical example 4 Invention slab 2 1.8 0.98 46 300 202 A 1217 1320 26 37
Practical example 5 Invention slab 2 1.8 1.13 37 200 160 A 1258 1332 24 39
Practical example 6 Invention slab 2 1.8 0.95 47 450 183 A 1273 1329 26 34
Practical example 7 Invention slab 2 1.8 0.89 51 440 260 A 1269 1336 26 34
Practical example 8 Invention slab 2 1.8 0.61 66 382 104 A 1513 1599 25 34
Practical example 9 Invention slab 2 1.1 0.88 20 110 67 A 1066 1471 20 27
Practical example 10 Invention slab 3 2.5 1.6 36 475 230 A 1180 1310 25 25
Practical example 11 Invention slab 4 2.5 1.6 36 475 220 A 1090 1207 22 22
Comparative example 1~ Invention slab 2 1.1 0.61 45 28 42 A+M 1671 1824 8 14
Comparative example 2 Invention slab 2 1.8 1.8 0 — — A 490 1250 55 62
Comparative example 3~ Comparative slab 2 1.1 0.99 10 390 267 A 808 1218 41 53
Comparative example 4 ~ Comparative slab 1 1.8 1.1 39 475 220 A 680 1190 11 11
Comparative example 5~ Comparative slab 2 1.8 1.1 39 475 220 A 1078 1426 7 7
Comparative example 6 ~ Comparative slab 3 1.8 1.1 39 475 220 A 1308 1325 3 13
Comparative example 7~ Comparative slab 4 — — — — — F+M 745 1017 8 17
Comparative example 8 ~ Comparative slab 5 — — — — — F+M 1231 1290 3 8
Comparative example 9~ Comparative slab 6 — — — — — A 635 1156 62 70
Comparative Comparative slab 7 — — — — — A 503 784 45 59
example 10

A: Austenite
F: Ferrite
M: Martensite

Mechanical properties of the as hot rolled raw materials
that were produced are also shown in Table 2. Every steel of
the practical examples of the present invention had yield point
of'not less than 1000 MPa and total elongation of not less than
20%. In contrast, no steel of the comparative examples had
both yield point of not less than 1000 MPa and total elonga-

than 1000 MPa and total elongation of not less than 20%.
According to the present invention, a high-strength steel sheet
having a superior balance of strength and ductility can be
produced.

The coexisting phases of the steels of practical examples
and comparative examples are shown in Table 3. In every steel

tion of not less than 20%. 40 of the practical examples of the present invention that has a
FIG. 2 is a graph showing a relationship of rolling reduc- yield point of not less than 1000 MPa and total elongation of
tion and total elongation that was measured in a tensile test. not less than 20%, the aspect ratio of crystal grain sizes that
As shown in FIG. 2, when the rolling reduction is 20% or was measured at a cross section parallel to the rolling direc-
higher, the total elongation of not less than 20% can be pro- tion was not less than 2. In addition, the increasing rate of total
vided to a steel. FIG. 3 shows a graph showing a relationship 45 content of martensite with respect to tensile strain of 1% was
of rolling reduction and yield point that was measured in a not less than 0.6%. In contrast, in each steel of the compara-
tensile test. As shown in FIG. 3, when the rolling reduction is tive examples, one of the aspect ratio and the increasing rate
20% or higher, the yield point of not less than 1000 MPa can of the total content of martensite, or both, did not reach the
be provided to a steel. FIG. 4 shows a relationship of the total above degree. FIG. 5 is an optical micrograph of a cross
elongation and the yield point, which was obtained by arrang- 50 section that was parallel to the rolling direction of the steel
ing the results in FIGS. 2 and 3. As shown in FIG. 4, the steel sheet of the practical example 9, and the steel included crystal
sheet of the present invention had both yield point of not less grains in which the aspect ratio was 2.7.
TABLE 3
Before After After deformation
deformation deformation Rate of change in
Compositions Metal Content of Aspect Content of content of martensite
Symbols structure  martensite % ratio martensite %  with respect to strain of %
Standard not less than 2 not less than 0.6
Practical example 1 Invention slab 1 A 2.7 2.3 26 0.71
Practical example 2 Invention slab 2 A 0.6 35 24 0.87
Practical example 3 Invention slab 2 A 1 2.0 27 0.94
Practical example 4 Invention slab 2 A 0.7 4.5 21 0.71
Practical example 5 Invention slab 2 A 0.9 3.6 20 0.67
Practical example 6 Invention slab 2 A 0.8 4.6 18 0.66
Practical example 7 Invention slab 2 A 0.7 4.9 19 0.68
Practical example 8 Invention slab 2 A 1.6 6.5 26 0.87
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TABLE 3-continued
Before After After deformation
deformation deformation Rate of change in
Compositions Metal Content of Aspect Content of content of martensite
Symbols structure  martensite % ratio martensite %  with respect to strain of %
Practical example 9 Invention slab 2 A 10 2.7 28 1.04
Comparative example 1~ Invention slab 2 A+M 32 5.1 33 0.14
Comparative example 2 Invention slab 2 A 3 1.3 22 0.76
Comparative example 3 Invention slab 2 A 3 1.8 28 0.77
Comparative example 7~ Comparative slab 4 F+M 25 1.2 25 0
Comparative example 8 ~ Comparative slab 5 F+M 99 — 99 0
Comparative example 9~ Comparative slab 6 A 1 1.2 1 0
Comparative example 10  Comparative slab 7 A 5 1.1 5 0
A: Austenite
F: Ferrite
M: Martensite

INDUSTRIAL APPLICABILITY

A high-strength steel sheet of the present invention has
high strength and high press formability, in which the yield
point is not less than 1000 MPa and total elongation is not less
than 20%. Therefore, the high-strength steel sheet may be
specifically used in fields such as structural parts of automo-
biles, which greatly affect the safety performance with
respect to impacts.
The invention claimed is:
1. A high-strength steel sheet consisting of, by weight:
not less than 0.25% and not more than 0.5% of C, not less
than 4% and not more than 14% of Mn, not less than
6.5% and not more than 9.5% of Cr, and not less than
0.3% and not more than 3% of Si, not less than 0.005%
and not more than 0.05% of N, not less than 0.05% and
not more than 4% of Al, not less than 0.1% and not more
than 4% of Ni, not less than 0.05% and not more than 3%
of Mo, and not less than 0.1% and not more than 2% of
Cu, balance of Fe and inevitable impurities;

the high-strength steel sheet satisfying the following for-
mulas 1 and 2, in which the element symbol indicates the
content thereof in weight %, the prefactors representing
the chromium and nickel equivalents, and the steel con-
sisting essentially of austenite; and

the high-strength steel sheet having a yield strength of not

less than 1000 MPa and total elongation of not less than
20%

12=2.08i+5.5A1+Cr+1.5Mo=25 (D

13=30C+0.5Mn+0.3Cu+Ni+25N=17 (2).

2. The high-strength steel sheet according to claim 1,
wherein the steel sheet includes martensite at total content of
not more than 10%, and aspect ratio of crystal grain sizes that
is measured at a cross section parallel to the rolling direction
is not less than 2.

3. The high-strength steel sheet according to claim 1,
wherein the steel sheet has martensite, of which weight per-
centage increases at not less than 0.6% when the high-
strength steel sheet is deformed by tensile strength at a tensile
strain of 1%.

4. A method for producing a high-strength steel sheet as
recited in claim 1, the method comprising:

hot rolling a slab consisting of a predetermined composi-
tion; and

rolling the slab so that total rolling reduction R in % and
rolling temperature T in ° C. satisfy the following for-
mulas (3) and (4)

20

20%<R<70% 3)

25

60° C.<T=500° C. @).

5. The high-strength steel sheet according to claim 2,
wherein the steel sheet has martensite, of which weight per-
centage increases at not less than 0.6% when the high-
strength steel sheet is deformed by tensile strength at a tensile
strain of 1%.

6. A method for producing a high-strength steel sheet as
recited in claim 2, the method comprising:

hot rolling a slab consisting of a predetermined composi-

tion; and

rolling the slab so that total rolling reduction R in % and

rolling temperature T in ° C. satisfy the following for-
mulas (3) and (4)

35

40

20%<R<70% 3)

60° C.<T=500° C. @).

7. A method for producing a high-strength steel sheet as
recited in claim 3, the method comprising:
hot rolling a slab consisting of a predetermined composi-
tion; and
rolling the slab so that total rolling reduction R in % and
rolling temperature T in ° C. satisfy the following for-
mulas (3) and (4)

45

20%<R<70% 3)

55
60° C.=T=500° C. ).
8. A method for producing a high-strength steel sheet as
recited in claim 1, wherein the high-strength steel sheet con-

tains not more than 8.4% by weight of Mn.
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